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ABSTRACT: Clean water is essential for maintaining human health. To ensure clean water, it is
important to use sensitive detection methods that can identify contaminants in real time. Most
techniques do not rely on optical properties and require calibrating the system for each level of
contamination. Therefore, we suggest a new technique to measure water contamination using the full
scattering profile, which is the angular intensity distribution. From this, we extracted the iso-
pathlength (IPL) point which minimizes the effects of scattering. The IPL point is an angle where the
intensity values remain constant for different scattering coefficients while the absorption coefficient is
set. The absorption coefficient does not affect the IPL point but only attenuates its intensity. In this
paper, we show the appearance of the IPL in single scattering regimes for small concentrations of
Intralipid. We extracted a unique point for each sample diameter wherein light intensity remained
constant. The results describe a linear dependency between the angular position of the IPL point and
the sample diameter. In addition, we show that the IPL point separates the absorption from the
scattering, which allows the absorption coefficient to be extracted. Eventually, we present how we used
the IPL point to detect the contamination levels of Intralipid and India ink in concentrations of 30−
46 and 0−4 ppm, respectively. These findings suggest that the IPL point is an intrinsic parameter of a system that can be used as an
absolute calibration point. This method provides a new and efficient way of measuring and differentiating between various types of
contaminants in water.

1. INTRODUCTION
Access to safe, clean water is essential for drinking, hygiene,
and public health.1 Currently, real-time water quality is
primarily monitored using turbidity measurements, which
assess the presence of contaminants and determine the safety
of the water based on the concentration of these substances.1

Turbidity indicates the extent to which the light is scattered or
absorbed by suspended particles in the water.2 Higher turbidity
readings indicate more scattering and absorption events in a
sample, which correspond to a higher concentration of
contaminants.3 To accurately monitor water quality, it is
typically necessary to use either a nephelometer or a
turbidimeter.2 Nephelometers use light scattering to measure
water quality, while turbidimeters use light absorption.4 Both
devices are widely used and present similar limitations.3,5−7

First, these methods measure relative light intensity to extract
turbidity readings, and thus cannot distinguish between
contaminants.2,3 Second, nephelometers and turbidimeters
perform poorly when measuring very small particles that
scatter less light, especially when present in low concen-
trations.5,8 Finally, different nephelometers and turbidimeters
may have different optical systems that can affect the accuracy
of the measurements, and the use of formazin as a
normalization standard can be problematic because it can
become less stable as the concentration of contaminants
decreases.3,9,10 To overcome these challenges, we suggest a

new method that relies on the optical properties of the
contaminants to verify their concentration. Since the
contaminants scatter and absorb light, we suggest using the
full scattering profile (FSP) and utilizing the appearance of the
iso-pathlength (IPL) point to accurately measure contaminant
concentration. The FSP is the angular intensity distribution of
light from a cylindrical medium. By incorporating numerous
measurement angles, this method enhances the sensitivity for
detecting scattering and absorption at low concentrations. In
other words, the FSP is the intensity, I, as a function of the
angle, θ, as seen in Figure 1.

The IPL point, extracted from the measurements of the
FSPs, is a unique point on the surface of the sample where light
intensity remains constant for a range of scattering
coefficients.11,12 To determine the presence of the point,
several measurements of the samples using the FSP are needed,
with the scattering coefficient being the only variable changing
between each sample.13 When the absorption coefficient is
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changed but the scattering is unchanged, the IPL point will not
appear.14 This implies that the IPL point allows for the
separation of scattering and absorption; changes in absorption
do not affect the position of the IPL point, only attenuating its
intensity.14,15 Therefore, in order to accurately determine the
position of the IPL point, the absorption coefficient must be
kept constant, requiring careful sample preparation.15 It is also
important to know the sample diameter because the position of
the IPL point is proportional to the optical depth, which is
accounted for both by the sample diameter and the distance
between the detector and the sample.11,16 In a previous study,
it was possible to isolate the absorption coefficient from the
light intensity even when the scattering was unknown.15 This
was due to the correction for the Beer−Lambert law with the
IPL separation of the scattering from the absorption.
According to the modified Beer−Lambert law:
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where IIPL is the geometric distance to the IPL point, I(θIPL) is
the intensity reading for the absorption samples, and I0(θIPL) is
the intensity reading for the scattering contaminants. The DPF
is the differential pathlength factor, dependent upon μa, μs, and
the scattering phase function.17 Previous research on the IPL
point has only been conducted on samples where light
experiences multiple scattering events, known as the multiple
scattering regime (the measured point is larger than 1/μs′ from
the light source).12−16,18,19 For the study of contaminants in
drinking water, we consider samples where light scatters only a
few times, known as the single or intermediate scattering
regime. The scattering in the system is determined by the
concentration of insoluble particles, their size, and the
geometry of the system.20,21 Higher concentrations of
insoluble particles will result in more scattering events.22 To
verify our scattering regime, we calculated the optical depth
(OD), a parameter that differentiates between different
scattering regimes and is described by

= · +lOD ( )s a (2)

where l is the geometric length.23 In our work, Intralipid and
India ink are used as the contaminants, so the OD was
calculated according to their optical properties.24 The results
confirm that the concentrations of the contaminants used place
the samples in the single-intermediate regime as OD < 3,
which is in partial agreement with referenced work.23

Previously, the IPL point was not observed in the single-
intermediate scattering regime, so it is necessary to characterize
the angle of the IPL point in this regime. In this paper, the
optical system used to detect contaminants in water is
presented. Intralipid and India ink were used to control
optical properties such as scattering and absorption coef-
ficients. This allows for analysis of the IPL point in the single-
intermediate scattering regime, eventually establishing a

relationship between the IPL point, sample diameter, and
absorption coefficient.

2. MATERIALS AND METHODS
2.1. Optical Setup. The optical setup includes a

continuous wave Ne−He laser with a wavelength of 632.8
nm and 0.8 mW power (HNLS008R, Thorlabs). The light
source illuminates the cylindrical sample of contaminated
water. The FSP is measured using a photodiode (PD)
(SM05PD2B, Thorlabs) with an active area of 13 [mm2].
The PD is placed on a rotating stage to allow measurement at
all angles. The PD is fixed at a constant distance of 5 mm from
the sample surface, and it takes light intensity readings every
5°. The measurement starting point, when θ = 0°, is where the
PD and the laser beam are collinear. To achieve reproducibility
between measurements, we controlled the photodiode
measurement angle (θ) using a stepper motor with a rotational
accuracy of ±0.225°. PD data are collected by an oscilloscope,
sent to MATLAB, and analyzed. The described system is
shown in Figure 2.

2.2. Experimental Description and Sample Prepara-
tion. The samples used in this paper were composed of double
distilled water (ddw), contaminated with Intralipid, a
phospholipid-stabilized soybean oil (Sigma, 68890-65-3).
The use of Intralipid allows for the variation of scattering
coefficients while holding the absorption coefficient con-
stant.24,25 To work within the single and intermediate
scattering regime, the scattering coefficient was increased
linearly between scans with the incremental addition of
Intralipid. The contamination range was from 30 to 46 ppm.
Those samples will be referred as the scattering contaminants
for the rest of the article. The scattering coefficients of these
samples were evaluated using
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where c is the concentration of Intralipid in water and λ is the
wavelength of the light source in nm.24 To examine the
relationship between sample diameter (D) and the IPL point
(θIPL), the scattering contaminants were measured at various D
values using the optical setup described in Figure 2. In
addition, we examined the relationship between μa and the IPL

Figure 1. Light intensity (I) as a function of angle (θ).

Figure 2. Ne−He laser illuminates the sample and turbid media. The
scattered light is collected with a PD at a variety of measurement
angles.
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point properties. The absorption coefficient was varied by
linearly adding small concentrations of ink (India ink 1%) to
the scattering contaminants, creating mixed samples. The
absorption coefficients of each sample were verified using a
UV−vis spectrophotometer (Shimadzu, UV-1900, Japan). The
optical properties for the different concentrations of Intralipid
and ink are presented in Table 1:

3. RESULTS
3.1. Self-Calibration Point for Different Sample

Diameters. The FSPs of cylindrical scattering contaminants
of different diameters and optical properties as presented in
Table 1 were measured in the optical system. The results of the
measured FSP for each diameter are presented in Figure 3a−f
correspond to a sample diameter of D = 50, 55, 60, 76, 90, and
100 mm, respectively.). These results demonstrate the IPL
point phenomenon, displayed as a point (circled in red) where
position changes but light intensity remains constant. In
addition, the results highlight that at angles less than the IPL
point, there is an inverse relationship between the scattering
coefficient and measured light intensity; that is, before the IPL

point, a sample with a higher μs (orange curves) results in a
lower intensity reading. However, at angles greater than the
IPL point, the trend is flipped, with higher scattering
coefficients yielding higher light intensity readings. This
characteristic of the IPL point manifests in multiple scattering
regimes as well.11−13 Furthermore, the back scattering for high
angles corresponds to the phase function of Mie scattering that
describes these contaminant particles. These findings indicate
the presence of the IPL point in the single-intermediate
scattering regime. Analysis of the results seen in Figure 3g
reveals a linear relationship between the diameter of the
samples and the angle at which the IPL point appears. This
linear relationship highlights how modifying the diameter can
manipulate the IPL angle.
3.2. Impact of Contaminant Concentration on the IPL

Point. For this experiment, the FSPs of scattering contami-
nants with varying concentrations were measured in diameter
of 60 mm. Figure 4 presents our results where the IPL point
shifts with different concentrations ranges, with higher
scattering coefficients leading to a higher IPL point angle
closer to the light source. Additionally, the scattering regime
changes from single scattering (8−32 ppm, OD < 3) to
intermediate scattering (64−256 ppm, OD < 20) to multiple
scattering (384−4000 ppm, 20 < OD) as the concentration of
the contaminant increases. This change can be confirmed by
calculating the optical depth using eqs 2 and 3. The IPL point’s
ability to detect various contamination levels and calibrate each
material itself contributes to its versatility in contamination
detection.
3.3. Effect of Absorption on the IPL Point. To

determine the impact of the absorption coefficient on the
IPL point, the FSPs of the 90 mm diameter mixed samples
were considered. First, a control sample of scattering
contaminants without ink was measured. Next, scattering
contaminant samples with incrementally increasing absorption
were measured, corresponding to ink concentrations of 1−4
ppm. The measurements of the FSPs are presented in Figure

Table 1. Optical Properties of the Scattering Contaminants

ink concentration [10−6] μa [mm−1]

0 0
1 0.0196
2 0.0397
3 0.0644
4 0.0836

IL concentration [10−6] μs [mm−1]

30 0.0147
34 0.0166
38 0.0186
42 0.0196
46 0.0225

Figure 3.Measurements of the FSP for Intralipid contaminated samples with different diameters while the IPL point is evident within the red mark.
(a−f) correspond to a sample diameter of D = 50, 55, 60, 76, 90, and 100 mm, respectively. (g) shows the dependency of sample diameter on the
IPL point for the same scattering properties, with each point on the graph corresponding to the respective sample.
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5a−e. The IPL point, circled in red, maintains the same angle
as the intensity reading decreases with increasing absorption.
Analysis of the intensity readings and IPL angles shows that
regardless of the absorption coefficient, the IPL angle occurs at
an average position of 17.64° with a standard deviation of
0.58°. Additionally, the intensity readings at the IPL point
decrease linearly with an increase in ink concentration,
indicating that as the μa increases, I(θIPL) decreases. This
phenomenon indicates that the IPL point is the only position
where absorption can be extracted without the influence of
scattering. This behavior of the IPL point and the linear trend
related to its intensity under varying absorption coefficients is
consistent with previous work,15 and this property allows for

the detection of and distinguishing between scattering and
absorbing contaminants.
3.4. Detecting Contaminants Using the IPL Point. To

differentiate between the two contaminants, Intralipid and
India ink, the FSPs of the mixed samples were analyzed (Figure
5), showing impact of both absorption and scattering.
Nonetheless, since the IPL point separates the absorption
from the scattering, the parameters that described the impact
of absorption were isolated. Moreover, studying absorption
and scattering separately revealed that scattering affects the
shape of the FSP, while absorption affects its attenuation. By
incorporating this theory, the analysis indicates that subtracting
the minimum intensity reading from the intensity at the IPL
point describes the influence of absorption on the FSP. Next,

Figure 4. (a) FSP of 60 mm diameters scattering contaminants for a wide range of μs. The following photos depict irradiated scattering
contaminants at different concentrations: (b) 32 ppm, OD = 0.96 (single scattering), (c) 128 ppm, OD = 3.78 (intermediate scattering), and (d)
3000 ppm, OD = 88.16 (multiple scattering).

Figure 5. Measurements of the FSPs for mixed samples in D = 90 [mm]. The absorption coefficient is increasing linearly from (a−e) according to
Table 1. The IPL point is located at the red mark. The influence of the absorption (ink concentration) on the intensity reading at the IPL point (f)
and on the IPL angle (g).
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to illustrate the influence of the scattering on the intensity, we
discovered that the summation of the intensity reading from its
maximum value to the minimum value conveys the effect of
scattering on the FSP. The results of the analysis, shown in
Figure 6, classify each sample by the contaminant type and its
respective concentration. This results in a grid pattern (dashed
lines), where the x and y axes are proportional to the ink and
Intralipid concentrations, respectively. This enables the
detection of each sample, ink and Intralipid of concentrations
between 1−4 and 30−46 ppm, respectively. Error in the
analysis where samples are not aligned with extrapolated grid
lines can be attributed to errors in sample preparations and
differences between individual water samples. Nevertheless,
these findings show the successful detection of each sample’s
contamination and its concentration in a real time measure-
ment using the IPL phenomenon.

4. DISCUSSION AND CONCLUSIONS
In this study, we demonstrated the existence of the IPL point
in the single-intermediate scattering regime using a specific
range of Intralipid concentrations (30−46 ppm). Furthermore,
we have demonstrated a linear relationship between the IPL
point angle and the sample diameter in the single-intermediate
scattering regime. To be precise, we found that as the diameter
of the scattering contaminants increases, the angle at which the
IPL point appears increases. However, since we have only
tested the linear ratio for this scattering regime using Intralipid,
we cannot assume that it applies to all contaminants. In
addition, we have shown that as the absorption coefficient
increases, the intensity reading at the IPL point decreases, but
the IPL angle remains constant. Finally, we demonstrate how
the IPL point can be used to find the absorption coefficient in
the single-intermediate scattering regime when the DPF is
known. This was achieved by using the ratio between the
absorption and control samples while accounting for dark
measurement. For this calculation, we employed a numerical

estimate of the DPF. Paired with the assessed DPF, these ratios
were used to calculate the absorption coefficient according to
eq 1. The resulting values (red diamonds in Figure 7) were

found to be in good agreement with measurements obtained
using a UV−vis spectrophotometer (blue circles). This
indicates that the IPL point can be used to extract optical
properties and become an absolute unit of measurement of the
contaminant concentration.

However, these results require further research to verify that
the estimated DPF used in this experiment is correct and
indeed constant. Additionally, the absorption coefficients in
these findings were controlled using India ink, so further
research with a different absorber must be conducted to verify
the trend. Despite this, our results support the idea that the
IPL point can be a valuable tool for determining the optical

Figure 6. Grid analysis for the detection of two types of contamination. The colors represent different concentrations of ink (0, 1, 2, 3, and 4 ppm),
the darker the color, the higher the concentration. The ticks correspond to the Intralipid concentration (“circle”,” diamond”, “square”, “asterisk”,
and “cross” corresponding to 30, 34, 38, 42, and 46 ppm, respectively).

Figure 7. Relationship between the absorption coefficient and the
intensity reading in the IPL point divided by the intensity reading in
the IPL point without absorbance.
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properties of materials and for the classification of multiple
contaminants in one real-time measurement.
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